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Purpose: Neointimal hyperplasia (NIH) is complete by 3 weeks in rabbit vein grafts implanted into the arterial circulation.
Activation of the mitogen-activated protein kinase (MAPK) family of protein kinases is thought to be critical in
remodeling events such as cellular proliferation, differentiation, and migration, as found in NIH. We previously
demonstrated that antisense basic fibroblast growth factor (ASbFGF) inhibited the synthesis of basic fibroblast growth
factor (bFGF) in the balloon injury model of NIH. We examined the effect of ASbFGF on NIH and the time course of
MAPK, extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal protein kinase (JNK), and p38 kinase
activation in arterialized vein grafts.
Methods: Carotid interposition of a vein bypass graft was performed in 75 New Zealand White rabbits. Segments of the
external jugular vein were transfected with a replication-deficient adenovirus containing the messenger RNA sequence for
rat ASbFGF at 1  1010 plaque-forming units per milliliter; control animals were given phosphate-buffered saline
solution (PBS) alone. Rabbits were killed at 30 minutes, 4 days, 7 days, and 21 days (n  8). Four grafts in each group
were fixed with formalin and embedded in paraffin, then processed with elastin-collagen and hematoxylin-eosin stains.
The other four grafts were individually frozen, and total protein was extracted. Phosphorylation of MAPK, ERK1/2,
JNK, and p38, was determined with Western blot analysis and immunohistochemistry. Groups were compared with
analysis of variance.
Results: The thickness of neointima in the PBS group and the ASbFGF group at 21 days was 60.2  2.1 and 39.4  2.1
m, respectively (P < .01). In both the control and ASbFGF groups, all 3 MAPKs demonstrated activation compared
with preimplantation levels. However, when compared with the PBS group the ASbFGF group showed greater than 33%
inhibition of all three MAPKs by day 4 and day 7 (P < .05), but no significant difference in any MAPK activation by day
21 (P > .05, all groups). Cells staining positive for activated MAPK were found in the neointima and adventitia of vein
grafts in both the PBS and ASbFGF groups.
Conclusion: MAPKs are activated during the first week after vein graft implantation. Grafts treated with ASbFGF
demonstrated reduced MAPK activation and less neointimal thickening. These results suggest that the process of vein
graft adaptation to the arterial circulation, and subsequent NIH, may depend on basic fibroblast growth factor activity,
which is mediated, at least in part, by a MAPK-dependent mechanism. (J Vasc Surg 2003;37:866-73.)
Neointimal hyperplasia (NIH) is a common response
after vein graft implantation, leading to graft stenosis and
occlusion.1-3 The incidence of thrombosis and occlusion in
coronary and lower extremity bypass grafts is reported to be
as high as 20% at 1 year.4-7
Tissue remodeling in NIH is mediated by many growth
factors and cytokines, eg, basic fibroblast growth factor
(bFGF), platelet-derived growth factor, interleukin–1,
transforming growth factor, and tumor necrosis factor–
.8,9 bFGF is a member of the heparin-binding mitogens,
characterized by their affinity for heparin and ability to
stimulate both endothelial and smooth muscle cell prolif-
eration.7,10-13 Rapid and dramatic NIH is complete by 3
weeks in rabbit vein grafts implanted into the arterial circu-
lation.1,14-17 Sterpetti et al9 reported increases in bFGF at 7
days and 4 weeks in these grafts, and these increases corre-
lated with NIH. We previously demonstrated that in bal-
loon-injured carotid arteries antisense bFGF (ASbFGF)
inhibited synthesis of bFGF, with peak effect at day 4, and
inhibition of NIH in a dose-dependent fashion, supporting
a role for bFGF in the development of NIH.18
The precise signal transduction pathways that link vas-
cular injury or vein graft adaptation to development of NIH
are not completely defined. The mitogen-activated protein
kinase (MAPK) superfamily is composed of ubiquitous
intracellular serine and threonine kinases that are thought
to be important in transducing signals from the cytoplasm
to the nucleus that are required for cell proliferation, dif-
ferentiation, and migration. MAPKs include extracellular
signal-regulated kinase (ERK), c-Jun N-terminal protein
kinase (JNK), and p38 kinase (p38).19
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Our purpose was to determine whether bFGF has a role
in the development of NIH in the rabbit vein graft model
and whether the MAPK pathway is a mechanism of bFGF
action.
METHODS
Generation of recombinant adenoviruses
The recombinant adenoviral vector encoding ASbFGF
(Ad.ASbFGF) and the recombinant adenoviral vector en-
coding bacterial -galactosidase (Ad.LacZ) were generated
as described previously.18,20-22 In brief, Ad.ASbFGF was
constructed by replacement of -galactosidase comple-
mentary DNA with a 1.1 kilobase pair (kbp) of rat bFGF
cDNA that contained the entire coding sequence in reverse
orientation in the plasmid Ad.CMV LacZ shuttle vector,
followed by homologous recombination with the E1,E3–
deleted human adenovirous serotype 5 mutant dl7001 in
human embryonal kidney 293 cells (American Type Cul-
ture Collection, Bethesda, Md).18,21-24 Ad.LacZ was used
as the control viral vector in these experiments. Phosphate-
buffered saline (PBS) served as a second control. RNA
produced by Ad.ASbFGF is an effective block of bFGF
protein synthesis, as demonstrated in smooth muscle cell
culture.21
Rabbit model of interposition vein graft and in vivo
gene transfer
Seventy-five adult male New Zealand white rabbits
(3.0  0.2 kg) were anesthetized with an intramuscular
injection of ketamine (50 mg/kg; Aveco Co, Fort Dodge,
Iowa), xylazine (5 mg/kg; Mobay Corp, Shawnee, Kan),
and acepromazine (1 mg/kg; Aveco Co). Neither mechan-
ical ventilation nor supplemental intravenous fluid admin-
istration was required.
Common carotid artery vein grafts were performed
according to previously published reports.1,20 In brief, a
2.5 cm segment of the external jugular vein, lacking valves,
was isolated by ligation of the proximal and distal vein. A
small venotomy was made in the distal vein. After irrigation
with PBS, a 300 L volume of either adenoviral vector (at
1  1010 plaque-forming units [PFU] per milliliter) in
PBS, Ad.LacZ control vector, or PBS alone was injected
into the lumen of the isolated vein and maintained at 120
mm Hg pressure for 30 minutes.18,20
After systemic heparinization (1000 U; Elkins-Sinn
Inc, Cherry Hill, NJ), the carotid artery was dissected and
clamped. A segment of carotid artery equal to the original
in situ length of the vein segment was excised. The vein
segment, free of surrounding tissues, was grafted with
end-to-end anastomoses with 9-0 nylon continuous run-
ning suture (Sharpoint Surgical Specialties Corp, Reading,
Pa). Arterial blood flow was restored to the carotid artery
and vein graft. The neck incision was closed in two layers,
and the animals were placed under a warming light until
fully recovered from anesthesia. After recovery, the rabbits
were maintained on a light-dark (12-12 hour) cycle at
24° C and fed a normal diet and water as desired. Animal
care complied with the Principles of Laboratory Animal
Care formulated by the National Society of Medical Re-
search and the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health Publ No 86-23, rev
1985).
Tissue preparation
Formalin fixation. Forty-one arterialized vein grafts
(AVGs) were examined with Western blot analysis, and 34
were examined with histologic analysis. Grafts were har-
vested at 30 minutes, 4 days, 7 days, and 21 days, using the
formalin perfusion fixation technique. Normal jugular veins
were also harvested as controls. At these time points, the
vessels were perfusion fixed in situ at a perfusion pressure of
100 to 110 mm Hg. Normal saline solution was instilled
first, followed by 10% formalin solution, through a large-
bore cannula placed retrograde in the thoracic aorta. The
carotid arteries that contained the interposition vein grafts
were harvested en bloc for further immersion fixation. The
samples were separated into three parts evenly and embed-
ded in paraffin, then processed with hematoxylin-eosin
stain.
Protein isolation for Western blot analysis. Four
animals from the Ad.LacZ, ASbFGF, and PBS groups in
each time course were killed, and the vein grafts were
harvested as above but without formalin fixation, then
snap-frozen in liquid nitrogen. Samples were homoge-
nized, and the protein was isolated with lysis buffer con-
taining 50 mmol/L of HEPES (N-2-hydroxyethylpipera-
zine-N-2-ethanesulfonic acid) buffer; pH, 7.4), 150
mmol/L of sodium chloride, 10% glycerol, 1% Triton
X-100, 1.5 mmol/L of magnesium chloride, 1 mmol/L of
sodium pyrophosphate, 1 mmol/L of sodium orthovana-
date, 10 g/mL of leupeptin, 10 g/mL of aprotinin, and
1 mmol/L of phenylmethylsulfonylfluoride. Cell extracts
were centrifuged at 15,000g for 10 minutes. The protein
concentration of solubilized cell lysates was measured by
the Bradford method.
Documentation of gene transfer to AVG tissue
X-gal chromagen staining. Vein graft specimens
were stained with X-gal chromagen to detect the presence
of -galactosidase activity, to indicate successful Ad.lacZ
infection, according to the method we previously pub-
lished.20
RT-PCR for ASbFGF. Confirmation of successful
vein graft infection by the Ad.ASbFGF vector was docu-
mented with reverse transcriptase polymerase chain reac-
tion according to the method we previously described.20,22
Measurements of neointima thickness
Neointima thickness was determined from the middle
portion of each graft in three separate sections. Computer-
ized digital morphometry with Scion Image 1.62c software
(Scion Corp, Frederic, Md) was used to assess neointimal
thickness at eight equidistant sampling points around the
circumference of the graft in cross section. The neointima
was defined as the layer from the lumen to the internal
JOURNAL OF VASCULAR SURGERY
Volume 37, Number 4 Yamashita et al 867
elastic lamina. The measurements were obtained in blinded
fashion.
Western blot analysis
Laemmli sample buffer was added to equivalent protein
amounts of each sample, followed by boiling for 5 minutes.
Samples were resolved with 10% sodium dodecylsulfate–
polyacrylamide gel electrophoresis and transferred to nitro-
cellulose membrane. The blots were incubated in 5% nonfat
dry milk with bFGF, phospho-specific MAPK, or total
MAPK antibodies. Anti-bFGF monoclonal antibody
(Transduction Laboratories, Lexington, Ky), anti-phos-
pho-p42/44 monoclonal antibody (Cell Signaling, Bev-
erly, Mass); anti-phospho-p38 monoclonal antibody (Sig-
ma, St Louis, Mo); and anti-phospho-JNK monoclonal
antibody, anti-ERK antibody, anti-JNK antibody, and anti-
p38 antibody (Santa Cruz Biotechnology Inc, Santa Cruz,
Calif) were used as the primary antibodies for detecting
bFGF, phosphorylated ERK1/2, phosphorylated JNK,
phosphorylated p38, total ERK, total JNK, and total p38,
respectively. Sheep anti-mouse imunoglobulin G horserad-
ish peroxidase–linked antibody (Amersham Life Science
Inc, Arlington Heights, Ill) was used as secondary anti-
body, and the membrane was developed by the ECL West-
ern blot detection system (Amersham Life Science). Den-
sitometry was performed on all Western blot bands. bFGF
data were normalized with data for the PBS group. Each
phospho-MAPK datum was divided by total MAPK data
and normalized with the data for the normal vein.
MAPK immunohistochemistry
The midsection of the vein grafts was also examined
with immunohistochemistry. Paraffin-embedded 6 mm
thick cross sections were deparaffinized in xylene and hy-
drated with graded ethanol baths. The slides were incu-
bated with SSC 1X buffer (Promega Corp, Madison, Wis)
at 37° C for 30 minutes. Antigen exposure was performed
with 0.2% hyaluronidase (Sigma) in PBS at 37° C for 30
minutes, and endogenous peroxidase was blocked with 3%
hydrogen peroxide for 10 minutes. Primary antibody to all
activated MAPKs (anti-phosphorylated ERK1/2, anti-
phosphorylated JNK1, and anti-phosphorylated p38) was
incubated at room temperature for 30 minutes in separate
serial sections. Nonspecific immunoglobulin G and elimi-
nation of the primary antibody were used as control. Bio-
tinylated goat anti-mouse secondary antibody was incu-
bated at room temperature for 20 minutes (BioGenex, San
Ramon, Calif), and detection of the reaction was performed
with horseradish peroxidase label and chromagen devel-
oper (BioGenex).
Statistical analysis
Data were calculated for each group as mean  SEM
and were compared with analysis of variance with Fisher’s
protected least significant difference method of post hoc
testing. The data were computed with StatView 5.0.1




Animal survival and graft patency rates were 100%. The
rabbits appeared healthy. There were no structural anoma-
lies of the carotid artery or external jugular vein.
Evaluation of gene transfer
-Galactosidase activity, an index of successful Ad.lacZ
infection, was documented with X-gal chromagen in day 4
AVG specimens. Sixty-five percent of AVG intima and
media cells stained positive for -galactosidase. Positive
X-gal chromagen reaction was detected in the cells of the
media and deeply into the adventitia in some sites. This
observation demonstrates the depth of AVG wall penetra-
tion achieved with adenovirally mediated gene transfer. No
detectable endogenous -galactosidase activity was noted
in PBS-treated or Ad.ASbFGF-treated grafts after process-
ing in X-gal chromagen, as previously demonstrated.20
Gene expression of ASbFGF RNA was confirmed with
RT-PCR. We previously demonstrated in this animal
model that only Ad.ASbFGF-treated grafts, and not
Ad.lacZ-treated and PBS-treated vein grafts, demonstrated
Ad.ASbFGF RNA expression.20
Western blot analysis for bFGF
bFGF content at days 7 and 21 in AVGs was deter-
mined with Western blot analysis. Both PBS and Ad.lacZ
samples contained equivalent amounts of bFGF, whereas
Ad.ASbFGF samples contained 40% less immunoreactive
bFGF by day 7 (P .01). At 21 days, the bFGF level in the
Ad.ASbFGF group was still significantly lower than in the
other groups, although the difference decrease was only
10% (Fig 1).
Fig 1. Densitometry of bFGF immunoreactivity in vein grafts at 7
and 21 days. All data were normalized with the data of the PBS
group. *P .01 versus PBS or Ad.LacZ at 7 days. #P .01 versus
PBS or Ad.LacZ at 21 days.
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Histologic analysis
Thirty minutes after implantation, grafts retained an
endothelial monolayer and had no neointimal thickening.
There were no differences between grafts in the PBS and
Ad.ASbFGF groups (Fig 2, A and B). At 7 days, there were
fibroblasts and inflammatory cells in the adventitia and
several layers of neointimal cells (Fig 2, C and D), but no
differences were noted in neointimal thickness between
groups (PBS, 11.7  1.3 m; Ad.lacZ, 12.9  1.3 m;
Ad.ASbFGF, 9.1 1.0 m) (Fig 3). By 21 days, however,
there was a well-formed neointima in the PBS group
(60.2  2.1 m) and the Ad.lacZ group (57.2  1.7
m)(Fig 2, E; Fig 3), whereas the neointimal thickness in
the Ad.ASbFGF group (39.4  2.1 mm) was markedly
reduced (34%; P  .01)(Fig 2, F; Fig 3).
MAPK activation in vein grafts
ERK activation. To determine the activity of MAPK
after graft implantation, we measured the phosphorylation
of ERK1/2 with the use of an anti-active p42/p44 MAPK
antibody. ERK1 activation was detected by 30 minutes,
with peak activation from 4 to 7 days and activity decreasing
thereafter (Fig 4, A). Densitometric analysis showed that
peak activation of ERK1 was 1.96-fold greater in AVGs
Fig 2. Representive cross sections of AVGs. A, PBS at 30 minutes. B, Ad.ASbFGF at 30 minutes. C, PBS at 7 days.
D, Ad.ASbFGF at 7 days. E, PBS at 21 days. F, Ad.ASbFGF at 21 days. Neointima is represented between arrowheads.
(Original magnification,  200).
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than in normal vein. Activation of ERK2 showed the same
pattern as for ERK1 (data not shown). The kinetics of
ERK1 activation in grafts treated with Ad.ASbFGF were
similar but of less magnitude at all time points (Fig 4, A).
JNK and p38 activation. The trend in both JNK and
p38 activation was similar to that for ERK1/2. JNK and
p38 activation in the PBS group doubled by 4 days after
implantation (P  .01) and decreased thereafter (Fig 4, B
and C). Also similar to ERK1/2, activation of JNK and p38
was attenuated in grafts treated with Ad.ASbFGF (Fig 4, B
and C).
Immunohistochemistry
ERK1/2-activated cells were increased in both the
neointima and adventitia by 7 days in control vein grafts
(Fig 5). By 21 days, ERK-activated cells remained in the
neointima and adventitia. Control sections showed no
staining (data not shown). Staining for JNK and p38 acti-
vation also demonstrated a similar pattern (data not
shown). Vein grafts treated with AdASbFGF demonstrated
a similar pattern of MAPK staining for ERK1/2, JNK, and
p38 as for the control vein grafts (data not shown).
DISCUSSION
Intimal thickness at 21 days in the rabbit carotid artery
vein graft model was reduced by 34% with Ad.ASbFGF
(Figs 2 and 3). In addition, MAPK is activated in vein grafts
after implantation, and MAPK activation is inhibited 20%
to 35% by ASbFGF (Fig 4).
Vein grafts implanted in the arterial circulation develop
wall thickening, with smooth muscle cell hyperplasia and
deposition of extracellular matrix in the intima and media,
an adaptive process that has been referred to as arterializa-
tion. In about 20% of implanted vein grafts, however,
excessive NIH develops, with clinically significant steno-
sis.4-6 We previously reported positive remodeling in this
vein graft model, at a later time point, ie, 2 months.20 This
study extends that work, demonstrating reduced neointi-
mal thickening at 3 weeks in grafts treated with AdASbFGF
(Fig 3). The strong response in the neointima and not the
adventitia to the antisense transgene may reflect its intralu-
minal delivery and thus presumed higher levels of exposure
in the intima and media. Hemodynamic forces are impor-
tant in regulation of both the structure and function of the
blood vessel wall.25-26 In particular, the effects of shear
stress on endothelial cells have been studied in vitro.27-28
Several genes have been identified from both in vitro effects
of shear on endothelial cells and in vivo AVGs, such as
platelet-derived growth factor, bFGF, interleukin-1, vascu-
lar endothelial growth factor, transforming growth fac-
tor–, and tumor necrosis factor–.8,9,16,27,29-33 bFGF has
been implicated as a local mitogen active in this process.
This heparin-binding polypeptide is present in the nucleus
and cytoplasm of smooth muscle and endothelial cells and
in the extracellular matrix.11,13 bFGF is released from cells
at injury,12 and on release it binds to specific bFGF recep-
tors, triggering a cascade of signal transduction that in-
cludes the ras-MAPK pathway.34-37
Inhibition of bFGF synthesis with an antisense oligo-
nucleotide substantially decreases NIH in AVGs at 21 days.
We opted to use an adenoviral vector because of its high
transfection efficiency and safety.14,24,38,39 Although ad-
enoviral vector transfection efficiency is higher than with
liposomal or retroviral vectors, the toxicity of adenoviral
vectors at a dose of 1  1010 plaque-forming units per
milliliter is minimal in rabbit balloon injury or rabbit vein
graft models.18,20 In the rabbit vein graft model, the trans-
gene is present for 10 to 14 days,20 and NIH is completed
by 3 weeks; therefore the adenovirus vector maximum
expression coincides with the period in which NIH is
developing. Our Western blot analysis results demonstrate
that Ad.ASbFGF inhibits bFGF protein synthesis by 40% at
7 days, and this decrease in bFGF protein synthesis may
have a role in reducing NIH at 21 days. These results
suggest that bFGF participates in development of both
NIH and arterialization of vein grafts.
Activation of MAPK cascades is a major pathway for the
regulation of proliferation and migration in many cell
types.40,41 Mechanical stress and growth factors activate
MAPKs in vascular endothelial and smooth muscle
cells.28,42 An advantage of the AVG model is the clear
transition from low shear stress to high shear stress condi-
tions with implantation. Our group previously reported
that MAPKs are differently activated by shear stress and
cyclic strain in vitro.28 In this vein graft model, however, all
three MAPKs demonstrated a similar pattern of activation,
with activation demonstrated within 30 minutes (Fig 4).
This may reflect a difference in activity in vivo compared
with responses previously demonstrated in vitro.28 All
MAPKs also demonstrated peak activation by 4 or 7 days,
decreasing by 21 days. This period of activation coincides
with the development of NIH, usually complete by 3 weeks
in rabbit vein grafts.1,14-17 Grafts treated with ASbFGF
demonstrated reduced NIH (Fig 3) and blunted MAPK
Fig 3. Neointimal thickness in AVGs at 7 and 21 days. Intimal
thickness was measured in hematoxylin-eosin stained tissue section
with computerized digital morphometry. Results are mean of four
experiments. *P  .01 versus PBS or Ad.LacZ group.
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activation (Fig 4) at a time corresponding to development
of NIH. These results support the hypothesis that MAPK
signal cascades may have a role in the development of
neointimal hyperplasia in AVGs. Although all three MAPKs
demonstrated similar patterns of activation and different
MAPKs may affect different downstream cellular functions,
the complex process of vein graft adaptation and remodel-
ing likely requires multiple cellular functions that are stim-
ulated by several intracellular signal transduction pathways.
Thus it is likely that additional pathways may be involved.
Immunohistochemistry demonstrated that almost all
neointimal cells were positive for phospho-MAPK at 7
days, supporting a role for MAPK activation in the remod-
eling response. Although clear differences between PBS
and Ad.ASbFGF groups were not clearly demonstrated,
this may reflect reduced sensitivity of this technique. In
addition, because we used the mid-portion of the graft, this
could reflect sampling error, since NIH is more profound at
the anastomotic ends. Many adventitial inflammatory cells
and fibroblasts were MAPK-positive and medial smooth
muscle cells were MAPK-negative at early time points.
Some groups suggest that adventitial myofibroblasts mi-
grate to the intima to form NIH.43-46 Our results may be
consistent with this theory. Of interest, we also observed
reduced adventitial MAPK stain in the areas of NIH (Fig
5). Inasmuch as we did not detect any gross differences in
perigraft inflammatory response between control and
Ad.ASbFGF groups, we did not stain the grafts for inflam-
Fig 4. Time course of MAPK activation in vein grafts treated with PBS and Ad.ASbFGF (n 	 4). Phospho-MAPK
densitometry data are normalized to total MAPK and to baseline activity in normal vein. In all three MAPK groups,
differences between PBS and Ad.ASBFGF groups are significant at both day 4 (P .01) and day 7 (P  .05).
Representative Western blot data demonstrating time course of activated MAPKs are given adjacent to each graph.
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matory cells; however, invading host inflammatory cells
may be a source of some relevant mediators.
In conclusion, our findings suggest that MAPKs have a
role in vein graft adaptation to the arterial circulation and
that reduced MAPK activation correlates with reduced
NIH. It is tempting to speculate that local treatment with
Ad.ASbFGF may alter the kinetics of MAPK activation,
enabling vein graft adaptation to the arterial circulation
without excessive NIH. Further studies will be needed for
confirmation.
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